BACKGROUND/OBJECTIVES: Telomere shortening has an important role in cellular aging. However, the impact of high sodium intake, an important risk factor of age-related diseases, on telomere shortening remains unknown. Therefore, we examined the relationship between high dietary sodium intake and leukocyte telomere length (LTL), particularly in the context of obesity, as obesity increases salt sensitivity. SUBJECTS/METHODS: LTL was determined by a quantitative polymerase chain reaction method in 766 adolescents aged 14-18 years (50% females, 49% African Americans). Dietary sodium intake was assessed by seven independent 24-h dietary recalls. We divided the sample into low sodium (mean 2388 ± 522 mg per day) or high sodium groups (mean 4142 ± 882 mg per day) based on the median value (3280.9 mg per day). RESULTS: In the entire cohort, there was no significant association between sodium intake and LTL (r = − 0.05, P = 0.24). However, there was a significant interaction between sodium intake and obesity status (P = 0.049). Further multiple linear regression analyses revealed that higher dietary sodium intake was associated with shorter LTL in the overweight/obese group (body mass index ⩾ 85th percentile, β = − 0.37, P = 0.04), but not in the normal-weight group (β = 0.01, P = 0.93) after adjusting for multiple confounding factors. In the overweight/obese group, LTL was significantly shorter in the high sodium intake subjects vs low sodium intake subjects (1.24 ± 0.22 vs. 1.32 ± 0.20, P = 0.02), but not the normal-weight group (1.29 ± 0.24 vs 1.30 ± 0.24, P = 0.69). CONCLUSIONS: Higher dietary sodium intake is associated with shorter telomere length in overweight and obese adolescents.
INTRODUCTION
Telomeres, specialized chromatin structures located at the chromosomal ends, protect chromosome integrity and stability. Telomeres naturally shorten with every cell cycle, and cells with critically short telomeres undergo replicative senescence and apoptosis. Telomere shortening, a widely accepted marker of biological aging, has a key role in the cellular aging process. 1 The aging process at the cellular level is a life-long event, which begins at birth. 2 Telomeres are rapidly shortened in infants very soon after birth, and for the first year of life, corresponding to the rapid growth rates and high production and turnover of cells. 3, 4 Telomere shortening then continues at a steadier and more moderate rate into childhood, adulthood and old age. 4, 5 Children who experienced cumulative early life stress showed faster telomere shortening in buccal cells between age 5 years (baseline) and 10 years (follow up). 2, 6 In addition, healthy lifestyle and stresscoping strategies can decelerate the telomere erosion process. [7] [8] [9] [10] [11] Therefore, understanding the lifestyle and environmental factors affecting telomere erosion in children and adolescents is fundamental for preventing the acceleration of aging process early in life.
It is well recognized that both obesity [12] [13] [14] [15] and high sodium intake [16] [17] [18] [19] [20] are important risk factors for age-related diseases such as cardiovascular disease, stroke and cancer. Obesity, a chronic state of inflammation, has been shown to be inversely associated with telomere length in adults in a recent meta-analysis. 21 In vitro and in vivo studies reported that high-salt diets through oxidative damage have promoted cell senescence, retarded growth and markedly decreased the life span of Caenorhabditis elegans. 22 In addition, high-salt diets have promoted tissue inflammation and accelerated development of autoimmunity. 23, 24 A high-salt condition also increased reactive oxygen species, resulting in oxidation of proteins both in cell culture and in cells of renal inner medulla in vivo. 25 We have recently shown that adolescents consume excessive sodium and that higher sodium intake is associated with higher level of inflammation. 26 Both inflammation and oxidative stress reduce telomere length. Therefore, we tested the hypotheses that high dietary sodium intake would be associated with short leukocyte telomere length (LTL), especially in obese adolescents.
MATERIALS AND METHODS

Study participants
Seven hundred and sixty-six healthy adolescents aged 14-18 years including 389 Caucasians and 377 African Americans were recruited from local public high schools in Augusta, Georgia. Demographic information obtained from the school systems was used to select schools that enrolled both African American and Caucasian students. After receiving approval from the county superintendents and school principals, flyers were distributed to all students in the selected schools. Inclusion criteria for the study were white/Caucasian or black/African American race and age 14-18 years. Adolescents were excluded if they were diagnosed with any disease or were taking medications or had any medical conditions that could affect growth, maturation, physical activity, nutritional status or metabolism. Written informed consent was obtained from the 18-year olds. For the 14-17-year olds, parental consent and subject assent were obtained. Race was determined by self-report, or by a parent if subject was under 18 years of age. The Institutional Review Board at the Georgia Regents University approved the study. All measurements were performed between 2001 and 2005. 27 
Anthropometric measurements
Height and weight were obtained according to standard procedures, using a wall-mounted stadiometer (Tanita Corporation of American, Arlington Heights, IL, USA) and calibrated electronic scale (model CN2OL; Cardinal Detecto, Webb City, MO, USA). Prior to testing each week, the electronic scale was checked for accuracy using known weights. Body mass index (BMI) was calculated as weight (kg) divided by height (m 2 ). For subjects o18 years, the exact percentile of BMI was computed. According to the CDC Growth Charts (http://www.cdc.gov/nchs/about/major/nhanes/ growthcharts/datafiles.htm), BMI ⩾ 5th and o 85th percentile was defined as normal weight, BMI ⩾ 85th and o 95th percentile was defined as overweight, and BMI ⩾ 95th percentile was defined as obese. 28 
Dietary intake
Diet was assessed with individual, non-consecutive, 24-h recalls that covered the period from midnight to midnight for the previous day using the Nutrition Data System for Research (Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN, USA) by trained dietitians assisted by dietetic interns. The first two recalls were performed in person at our institute within 1 week of testing with the use of food models, portion booklets, serving containers and food measuring cups and spoons to assist in estimating serving size, and the remaining interviews were conducted by telephone weekly, with all seven recalls completed within a period of 12 weeks. Participants were given a booklet describing food and beverage portions and had to have the booklet in hand for portion size estimation during telephone interviews. We sought to obtain seven recalls from each participant, one for each day of the week. To minimize the potential for under-eating during the time frame for 24-h recalls, subjects were blinded to the telephone recall schedule. A total of 3, 4, 5, 6 and 7day dietary recalls were collected in 3.3%, 8.7%, 17.2%, 18.4% and 50.2% of the adolescents, respectively. A total of 98% (n = 750) and 95% (n = 725) of the adolescents in our study completed at least 3 and 4-day dietary recalls, respectively. Dietary sodium intake was an average from all the recalls collected from each participant.
Physical activity
Free-living physical activity was assessed using CSA/MTI Actigraph monitors (model 7164; MTI Health Services, Fort Walton Beach, FL, USA) as described previously. 27 Subjects were instructed to wear the monitor for 7 days, remove it for sleep and any activity that may cause harm to either the monitor or another person (for example, during contact sports), and return the monitor 1 week later. Data from day 1 and day 7 were discarded because a full day of information was not available for those days. Daily movement counts were converted to average minutes per day spent in moderate physical activity (3-6 metabolic equivalents) and vigorous physical activity (VPA) (46 metabolic equivalents) by the software accompanying the device.
Pubertal maturation
Pubertal maturation stage (or Tanner stage) was assessed using a fivestage scale ranging from I (prepubertal) to V (fully mature) as described by Tanner. 29 Using this gender-specific questionnaire, participants reported their pubertal stage by comparing their own physical development to the five stages in standard sets of diagrams. When an individual reported discordant stages of pubic hair and breast or genital development, the higher of the two stages was used.
Socioeconomic status
Parents completed questionnaires regarding their education and occupation. Family socioeconomic status was calculated using the Hollingshead Four-Factor Index of Social Status, a weighted average of parental education (scale 1-7) and occupations (scale 1-9). The validity and reliability of this instrument were established by Cirino et al. 30 
Measurement of telomere length
Mean LTL was determined from leukocyte DNA by a modified quantitative PCR-based assay as previously described. 31, 32 The relative ratio of telomere repeat copy number (T) to single-copy gene copy number (36B4 gene, encoding ribosomal phosphoprotein, located on chromosome 12, S) was determined using an 7500 Fast real-time PCR System (Applied Biosystems, Foster City, CA, USA). Samples were done in triplicate. Threshold values (Ct) were obtained by averaging the triplicates. Each 96-well plate contained a five-point standard curve using the same control genomic DNA from 3 to 48 ng to control the day-to-day variations. Standard curves with linearity R 2 40.98 were accepted. Telomere PCRs and 36B4 PCRs were performed on separate plates, with the same sample well position. T/S ratio was calculated as: the amount of telomeric DNA (T) divided by the amount of single-copy control gene DNA (S). The intra-plate and inter-plate coefficients of variation for the T/S ratio were 5.6% and 6.8%, respectively. 32 
Statistical analyses
Normal distribution and homogeneity of variances were confirmed by Shapiro-Wilks W and Levene's tests, respectively. Group differences were conducted by using analysis of covariance controlling for age, sex, race and energy intake. Group differences in categorical variables were tested by Abbreviation: SES, socioeconomic status. Values are age, sex and race adjusted means ± s.e. Tests of significance between groups were conducted by analysis of covariance (controlling for age, race and sex). a Tests of significance between groups were conducted by using analysis of covariance (controlling for age, race, sex and energy intake). b Tests of significance between groups were based on the χ 2 -test.
Sodium intake, obesity and telomere length using χ 2 -tests. Descriptive statistics for raw variables are presented as mean ± s.e. Overweight/obese was defined as BMI ⩾ 85th percentile. We divided the sample into low sodium (mean 2388 ± 522 mg per day) or high sodium groups (mean 4142 ± 882 mg per day) based on the median value (3280.9 mg per day). The interactions of dietary sodium intake with race, sex and obesity status were tested in separated models. Multivariate linear regression analyses were conducted to examine associations of dietary sodium intake with LTL. Potential confounding factors including age, sex, race, BMI, energy intake, Tanner stage and VPA were included in the model, as we previously showed that there were significant race and sex differences in LTL and that VPA was positively associated with telomere length in this cohort. 32 Data were analyzed using IBM SPSS statistics for windows, Version 20.0 (Armonk, NY, USA) and statistical significance was set at Po0.05. Table 1 . The sample was composed of 766 Caucasian and African American adolescents aged 14-18 years (50% female, 49% African American, 25% overweight/obese). The gender distribution, age, socioeconomic status, moderate physical activity, sodium intake and LTL were not different between normal-weight and overweight/obese groups. Overweight/obese adolescents were found to have higher Tanner stage and lower levels of VPA, and reported total energy intake than normal-weight adolescents (all Pso 0.05).
RESULTS
Participant characteristics are presented in
In the entire cohort, there was no significant association between sodium intake and LTL (r = − 0.05, P = 0.24). We further tested whether there were any interactions between dietary sodium intake and race, sex or obesity status. No significant interactions with race or sex were identified (Ps = 0.29 and 0.09, respectively). However, there was a significant interaction between dietary sodium intake and obesity status (P = 0.049). Stratification of the sample by obesity status showed that higher dietary sodium intake was associated with shorter LTL in the overweight/obese group (BMI ⩾ 85th percentile, β = − 0.37, P = 0.04), but not in the normal-weight group (β = 0.01, P = 0.93) after adjusting for age, sex, race, BMI, energy intake, tanner stage and VPA. In the overweight/obese group, LTL was significantly shorter in the high sodium intake subjects than those in the low sodium intake subjects (mean ± s.d., 1.24 ± 0.22 vs 1.32 ± 0.20, P = 0.02). But no difference was seen in the normal-weight group (1.29 ± 0.24 vs 1.30 ± 0.24, P = 0.69, Figure 1 ).
DISCUSSION
Our major finding is that higher dietary sodium intake is associated with shorter LTL in overweight/obese adolescents.
Obesity is recognized as a state of increased oxidative stress and inflammation. A recent meta-analyses of 16 studies, including two longitudinal studies, suggested a biologically plausible inverse association between BMI and LTL in adults. 21 However, the impact of high sodium intake on LTL remains unclear. An in vivo study has shown that high salt promotes cell senescence and aging, retards growth and markedly decreases the life span of C. elegans, an ideal model system to study aging. 22 Nettleton et al. 33 examined associations between dietary pattern and LTL in the Multi-Ethnic Study of Atherosclerosis and reported that only processed meat, not other diet features including red meat, showed an expected inverse association with telomere length. Processed meat is generally high in sodium; thus, it is possible that sodium may have a role in this process.
The present study shows that higher dietary sodium intake is associated with shorter LTL in overweight/obese adolescents, suggesting high sodium intake may promote leukocyte turnover, leading to their accelerated aging in overweight/obese individuals. Increased inflammation and oxidative stress are the two most common pathways shared by both obesity and high-salt intake. A high-salt diet has been shown to trigger T-cell differentiation, promote tissue inflammation and exacerbate autoimmune disease in mice. 23, 24 A high-salt condition also increased reactive oxygen species, resulting in oxidation of proteins both in cell culture and in cells of renal inner medulla in vivo. 25 Increasing evidence in humans, including our own, suggests a link between high-salt intake and inflammation. 26, 34, 35 Several in vitro studies have demonstrated that inflammation and oxidative stress are important factors that cause reduced telomerase activity and shortened telomere length. [36] [37] [38] Further research is warranted to elucidate the underlying mechanisms.
Obesity itself was not associated with LTL in our adolescent population as we previously reported. 32 Four studies including our own have examined the relationship between obesity and LTL in children, with age ranging from 2 to 18 years. 32, [39] [40] [41] The results are not as consistent as in adults. 21 The inconsistency may result from the high heterogeneity of the study populations from Arab children, Caucasian and African American adolescents. It may take more years of exposure for the deleterious effects of obesity to be manifested in children and adolescents. Other factors, such as diet and physical activity, may also explain the heterogeneity in this relationship.
The significant interaction between sodium intake and obesity, as observed in the present study, suggests that high sodium intake and obesity may act synergistically to speed up the cellular aging process in adolescents. This is consistent with the description of impaired renal tubular sodium handling in obese individuals, making them particularly sensitive to the effects of high-salt intake. 42 It is well recognized that obese individuals have increased sensitivity to salt, 43 which may help explain why higher sodium intake had a greater effect on cell aging in this group. The lack of association between sodium intake and LTL in the normalweight group may reflect the fact that our subjects were young and relatively healthy; thus, they have had a relatively short duration of high sodium exposure. Salt sensitivity has been shown to increase with increasing age and to be more frequent in hypertensive than in normotensive subjects. 44, 45 Therefore, it is possible that the effect of high sodium on cell aging may become stronger with longer duration of exposure in the normal-weight adults, elderly or hypertensive individuals.
The present study has several notable strengths. First, the collection of three to seven independent 24-h dietary recalls over a 12-week period provided more accurate dietary assessments of usual sodium intake compared with fewer recalls used in other epidemiological studies; 16, [46] [47] [48] this greatly reduced bias due to measurement error and random error owing to within-person variability over time. Second, we had a relatively large, apparently healthy adolescent population with nearly equal distribution of males and females, and Caucasian and African Americans. Third, we recruited a narrow age range of adolescents, which minimizes the confounding effect of disease processes and chronological age on LTL.
Limitations should also be recognized. First, because of our crosssectional study design, the associations between sodium consumption and LTL do not prove causality. Larger studies that involve other age groups are needed to confirm our findings. Second, adipose tissue samples were not collected; unfortunately, only buffy coats samples were available for the present study. Nonetheless, TL from leukocytes is commonly used in epidemiological studies, and has been shown to be highly correlated with aorta, buccal cells, skin cells, 49 cerebellar tissue, 50 suggesting that it represents systemic information. Third, our estimates of dietary sodium intake were based on self-reported 24-h dietary recalls rather than on 24-h urine collection, which is considered to be the most reliable and accurate method. Although 24-h dietary recalls may underestimate the usual sodium intake, sodium intake from repeated dietary recalls correlates significantly with 24-h urinary excretion and provided a valid method in previous association studies. 16, [46] [47] [48] 51, 52 PERSPECTIVES In this healthy adolescent cohort, we observed that higher dietary sodium intake was associated with shorter LTL in overweight/ obese adolescents suggesting that high sodium intake and obesity may act synergistically to accelerate cellular aging. Longitudinal studies or randomized controlled trials are needed to establish the role of high sodium intake in cellular aging. A deeper understanding of dietary sodium intake, obesity and cellular aging may open up new avenues for prevention and intervention of age-related disorders.
